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Abstract
We review the Pusey-Barret-Rudolph (PBR) theorem[1] and their setup, and arrive to the conclu-
sion that the reality of a quantum state ψ is intrinsically attached to the measurement the system
described by ψ has undergone. We show that a state that has not been measured can be regarded
as pure information, while a state that has been measured has to be regarded as a physical property
of a certain system, having a counterpart in reality. This demonstration implies that the statement
of PBR’s theorem changes in a meaningful way.
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I. THEORETICAL FRAMEWORK, THE PBR PAPER
Paradoxical aspects of Quantum Mechanics (QM) and perplexing behaviours of matter
have been shown to everyone who has ever come close to the theory.
A comforting way of viewing some of the predictions of QM consists in letting all the
mathematics be only descriptive of the real behaviour of quantum systems. In that case,
one could think that the wave function is only a mathematical tool, and there is nothing
“wavy” about an electron, except that it behaves according to probabilities established by
its wave function.
In a recent paper[1], Pusey, Barrett and Rudolph (PBR) demonstrate that, assuming
realism, the wave function cannot be interpreted in that manner, that is, that the wave
function must be ontologically attached to the system it describes. The statement of their
theorem reads:
[If] a system has a real physical state—not necessarily completely described
by quantum theory, but objective and independent of the observer... [and if]
systems that are prepared independently have independent physical states[, then
a pure state cannot be regarded as mere information, or else one would arrive
to a contradiction when faced with the quantum theoretical framework.]
They carry out their demonstration by adopting the notion given by Harrigan and
Spekkens[2] of what ‘mere information’ looks like. This notion goes as follows: if λ is a
label for the physical state of the system, and two different, but non-orthogonal prepara-
tions, |ψ0〉 and |ψ1〉, are mere information about some physical state, then the distribution
µ0(λ), which assigns the probability of |ψ0〉 resulting in a physical state λ, and the distri-
bution µ1(λ) of |ψ1〉, overlap; so that |ψ0〉 and |ψ1〉 can both result in a physical state λp
from the overlap region with non-zero probability. Conversely, if the distributions µ0(λ)
and µ1(λ) overlap, one can affirm that |ψ0〉 and |ψ1〉 represent mere information about the
underlying physical state of the system. The scheme of this notion is given in Fig. 1.
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FIG. 1: The notion of |ψ0〉 and |ψ1〉 representing mere information is illustrated. |ψ0〉
and |ψ1〉 are two non-orthogonal states. µ0(λ) is the probability distribution of |ψ0〉
over the space of physical states, and µ1(λ) is that of |ψ1〉. The defining quality of
representing mere information is that these two distributions overlap, such that there
is a non-zero probability that both preparations—|ψ0〉 and |ψ1〉—result in a physical
state λp ∈ ∆.
PBR go on to consider two identical and independent preparation devices; each device
prepares a system in either the quantum state |ψ0〉 = |0〉 or the quantum state |ψ1〉 = |+〉 =
(|0〉 + |1〉)/√2, so that when the two states are brought together, the complete system is
compatible with any of the four quantum states:
|0〉 ⊗ |0〉, |0〉 ⊗ |+〉, |+〉 ⊗ |0〉, and |+〉 ⊗ |+〉. (1)
Then, they assume that if the two states |ψ0〉 and |ψ1〉 represent mere information, there is
a probability q2 > 0 that both systems result in physical states, λ1 and λ2, from the overlap
region, ∆ (cf. Fig. 1). The complete system can be measured, and for this they propose an
entangled measurement with the four possible outcomes:
|ξ1〉 = 1√
2
[
|0〉 ⊗ |1〉 + |1〉 ⊗ |0〉
]
,
|ξ2〉 = 1√
2
[
|0〉 ⊗ |−〉 + |1〉 ⊗ |+〉
]
,
|ξ3〉 = 1√
2
[
|+〉 ⊗ |1〉 + |−〉 ⊗ |0〉
]
,
|ξ4〉 = 1√
2
[
|+〉 ⊗ |−〉 + |−〉 ⊗ |+〉
]
;
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but the probability that the quantum state |0〉⊗ |0〉 results in |ξ1〉 is zero, same for |0〉⊗ |+〉
resulting in |ξ2〉, for |+〉⊗ |0〉 resulting in |ξ3〉, and for |+〉⊗ |+〉 resulting in |ξ4〉. This takes
them to the conclusion that if the state λ1 ⊗ λ2 that arrives to the detector is compatible
with the four quantum states (1), then the measuring device could give a result that should,
following simple QM, occur with zero probability. This contradiction arises only by assuming
that the distributions of |0〉 and |+〉 overlap, so their distributions cannot overlap, and
therefore |ψ0〉 = |0〉 and |ψ1〉 = |+〉 cannot represent mere information of an underlying
physical system.
They extend their demonstration to any pair of quantum states,
|ψ0〉 = cos θ
2
|0〉+ sin θ
2
|1〉,
|ψ1〉 = cos θ
2
|0〉 − sin θ
2
|1〉,
and thereby show that pure states must have a direct counterpart in reality: that either
|ψ〉 must represent a physical property of the physical system, or that realism cannot be an
ingredient of QM, or even that system independency is violated.
II. WHAT IS A STATE WITHOUT A MEASUREMENT?
In this section we will demonstrate that that the no-go theorem for the reality of the
quantum state given by PBR necessarily implies a measurement over the quantum system
at the preparation stage, whose state turns out to be real.
Suppose that we have two identical preparation devices each of which prepares either the
state |0〉 or the state |+〉 without making an announcement of which of the two states was
prepared.
Each device can be built by putting together a photon source and a Mach-Zehnder in-
terferometer, with a polarizer set in the vertical direction (≡ |0〉) on one path of the laser
beam, and a polarizer set to 45◦ (≡ |+〉) on the other path of the laser beam. At the end,
the two paths are recombined (cf. Fig. 2).
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FIG. 2: Preparation device of the states |0〉 and |+〉 with no distinction between them.
Under these conditions, the state that comes out of the preparation device is
|ψ〉 = N
[
|0〉+ |+〉
]
.
One can easily calculate the normalization constant N to obtain
N2 =
√
2
2
√
2 + 2
.
Finally, when two identical preparation devices are put together (cf. Fig. 3), the state that
arrives at the detector is
|Ψ〉 = |ψ〉 ⊗ |ψ〉 = N2
[
|0〉+ |+〉
]
⊗
[
|0〉+ |+〉
]
,
(see Fig. 3b), and not one of the states (1) assumed by PBR. This state |Ψ〉 that arrives at
the detector is compatible with the measurement basis used in the PBR theorem,
|ξ1〉 = 1√
2
[
|0〉 ⊗ |1〉 + |1〉 ⊗ |0〉
]
,
|ξ2〉 = 1√
2
[
|0〉 ⊗ |−〉 + |1〉 ⊗ |+〉
]
,
|ξ3〉 = 1√
2
[
|+〉 ⊗ |1〉 + |−〉 ⊗ |0〉
]
,
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|ξ4〉 = 1√
2
[
|+〉 ⊗ |−〉 + |−〉 ⊗ |+〉
]
,
in the sense that it may result in any of its elements with non-zero probability; following
the logic of PBR, no contradiction arises when regarding |0〉 and |+〉 as mere information.
What this proves is that, if there is no distinguishability in the preparation de-
vices that PBR construct, and both are independent, the states |0〉 and |+〉
can be regarded as mere information; i.e., they could both span physical states in the
overlapping region ∆ of phase space (cf. Fig. 1), so that the system that would arrive at
the detector would be compatible with any of the four quantum states |0〉 ⊗ |0〉, |0〉 ⊗ |+〉,
|+〉 ⊗ |0〉, and |+〉 ⊗ |+〉, and compatible with any of the four measurement results, |ξ1〉,
|ξ2〉, |ξ3〉, and |ξ4〉.
On the other hand, if we have a preparation procedure which distinguishes the outcomes
|0〉 and |+〉 between them, as must be the case for the PBR theorem (cf. Fig. 3a), then the
system that arrives to the detector is in fact in one of the four states |0〉 ⊗ |0〉, |0〉 ⊗ |+〉,
|+〉 ⊗ |0〉, and |+〉 ⊗ |+〉, and in such a case the states |0〉 and |+〉 cannot be regarded as
mere information: they must arise from disjoint regions of phase space, and thus represent
a physical property of the system.
Overall, we can conclude that the experimental setup PBR propose entails a preparation
method that makes the state |0〉 distinguishable from the state |+〉 and thus gives the ob-
server knowledge of the state in which each subsystem is being prepared. If there were no
distinguishability between the two prepared subsystems, then, as has been shown, no contra-
diction would arise between regarding |0〉 and |+〉 as mere information and the measurement
conditions imposed by PBR.
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(a) The contradiction derived by
PBR arises.
(b) No contradiction arises.
FIG. 3: Each experimental setup is a combination of two identical and independent
preparation devices. In (a) the preparation devices consist of a source of photons
which undergoes a splitting of half and half in two optical paths, each optical path
is polarized in a certain direction and the two paths are recombined. Moreover, two
which-way detectors are added, one for each preparation device: if a detector clicks,
the photon that has been prepared is in the state |0〉, while if a detector does not click,
the photon comes out in the state |+〉. At the end, the photons of the two preparation
devices are brought together and measured. In (b) the preparation devices are as those
of (a), but without the two which-way detectors. The photon coming out of each of
the two paths and into the measurement device is therefore in the state N [|0〉+ |+〉].
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To stress the distinction between the two scenarios depicted in Fig. 3, we add that
the only difference between the two experimental setups (PBR’s and ours) is that in the
PBR experimental setup there must be a certain knowledge of the state of the system that
is being prepared, and this knowledge entails a measurement of some kind, while in our
experimental setup there is no measurement whatsoever between the preparation procedure
and the detector. If we regard states |0〉 and |+〉 as mere information in the first experimental
setup (3a), the contradiction derived by PBR arises, while if we regard |0〉 and |+〉 as mere
information in the second experimental setup (3b), no contradiction arises.
We can conclude from this that a state that has not been measured (when prepared) can
be regarded as pure information, while a state that has been measured has to be regarded
as a physical property of a certain system, having a counterpart in reality.
III. CONCLUSIONS
We have made explicit that the preparation devices PBR propose only work as they claim
if there is distinguishability between the preparation of the state |0〉 and the state |+〉. We
know that distinguishability entails measurement. We have thus concluded that, in order to
follow PBR’s theorem to the consequence that a given quantum state shall not be regarded
as mere information, the precise system which might be in such a quantum state must have
undergone a certain measurement.
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